The chemisorption of two chiral molecules, propylene oxide and glycidol, is studied on tartaric-acid modified Pd(111) surfaces by using temperature-programmed desorption to measure adsorbate coverage.
Introduction
Pharmaceuticals must generally be manufactured in their enantiopure form and are often synthesized using homogeneousphase catalysts, thus requiring subsequent purification steps. 1 This could be avoided by using heterogeneous-phase catalysts, but only very few examples have been explored; the hydrogenation of a-keto esters has been performed using supported Pt catalysts modified by cinchona alkaloids, [2] [3] [4] [5] [6] while the hydrogenation of b-keto esters has been carried out over supported Ni catalysts modified by a-hydroxy acids (e.g. tartaric acid) and amino acids. [6] [7] [8] [9] [10] [11] The above reactions have been observed under catalytic conditions by chirally modifying supported catalysts by adsorbing a chiral modifier from the solution phase, which shows a strong dependence on temperature, pH, modifier concentration and modification time. Due to the complexity associated with the real catalytic systems, the way in which such chiral modifiers operate in the heterogeneous phase is not well understood. As a consequence, the surface chemistry of tartaric acid has been explored on a number of transition-metal surfaces, 8, 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] where several tartaric-acid derived species have been detected on these surfaces, including molecular tartaric acid, and mono-and bitartrate species, where the appearance of various species depends on the nature of the metal and the adsorbate coverage. In particular, on Pd(111), bitartrate species predominate at low coverages and monotartrate species at higher coverage when dosed at 300 K, and the presence of biacidic species is found at lower temperatures. 28 Chiral modifiers such as amino acids on Pd(111) form discrete chiral assemblies which consist of ordered structures comprising tetramers or dimer rows potentially providing a chiral template in which several modifiers act in concert to provide an enantiospecific adsorption site. 29 On the other hand, 1-naphthylethylamine, which is chemically similar to cinchonidine, does not self-assemble on palladium, suggesting that it acts as a one-to-one modifier. [30] [31] [32] [33] [34] While such studies provide detailed information on the local and extended chiral structures on the surface, with the exception of studies of co-adsorbed tartaric acid and methylacetoacetate on nickel, 15 they provide little information on the interactions that lead to enantioselectivity. Such interactions can be explored using chiral probe molecules (here, R-and S-propylene oxide (PO) or glycidol) on chirally modified surfaces. 35, 36 For example, such experiments showed differences in the coverages of R-or S-PO on R-or S-2-butanol modified Palladium surfaces 37 due to hydrogenbonding interactions between the probe and the modifier. 38 PO provides an ideal chiral probe since it adsorbs reversibly on Pd(111) thereby allowing coverages to be measured without interference from decomposition products. 39 However, PO only allows hydrogen-bonding interactions with the epoxide oxygen to be probed. Thus, R-or S-glycidol, where the methyl group is replaced by a CH 2 -OH group, 40 has been suggested as a more versatile chiral probe since it is capable of additional hydrogenbonding interactions through the hydroxyl group. This is particularly important when using tartaric acid since its hydroxyl groups, which provide potential hydrogen-bonding loci, are located relatively far from the surface in all of its adsorbed forms.
The goal of this work is to measure the enantioselectivity of the tartaric acid-modified Pd(111) surfaces under UHV conditions and to identify the nature of the enantioselective tartaric acidderived species. In this work, two different chiral probes, PO and glycidol, are used to measure the enantioselectivity of the tartaricacid modified Pd(111) surface by using temperature programmed desorption (TPD). The enantioselectivity is measured for various coverages of the modifier to identify the nature of the tartaric acidderived species and the active sites which are responsible for the chiral recognition. This work is supplemented by scanning tunneling microscopy (STM) experiments to explore the surface structures formed on Pd(111) as well as first-principles density functional theory (DFT) calculations to understand the chiral interactions. It is found that the bitartrate form of tartaric acid imparts enantioselectivity to glycidol, but not PO. DFT calculations of the interaction between glycidol and bitartrate indicate that glycidol adsorbs onto the surface through the epoxide oxygen, in a similar manner to PO, 39 and hydrogen-bonding interactions occur between the hydroxyl groups of glycidol and bitartrate and the oxygen of COO À , and therefore, along with binding of the epoxide oxygen to the surface, it forms three bonding interactions that determine the enantioselectivity, in accord with the traditional three-point bonding rule. 41, 42 Experimental Experiments were carried out in two different ultrahigh vacuum (UHV) chambers operating at base pressures of B1 Â 10 À10 Torr following bakeout. 43 The Pd(111) substrate was cleaned using a standard procedure consisting of cycles of argon ion sputtering and annealing in 3 Â 10 À8 Torr of oxygen at 1000 K where the sample cleanliness was judged either using Auger spectroscopy or TPD after dosing with oxygen, where the absence of CO desorption indicated that the sample was carbon free.
STM images of the tartaric acid-covered surfaces were acquired at a sample temperature of B120 K using an electrochemically etched tip made from recrystallized tungsten wire. Experiments were performed using a scanning tunneling microscope (RHK UHV350) housed in an UHV chamber operating at a base pressure below 2 Â 10 À10 Torr as described elsewhere. 44 R-and S-PO (Aldrich, 99%) and R-and S-glycidol (Aldrich, 96%) were dosed onto the sample via a variable leak valve through a dosing tube directed towards the sample. (S,S)-tartaric acid (Aldrich, 99%) was dosed onto the sample by using a homebuilt Knudsen source. The tartaric acid source was repeatedly outgassed at B380 K to remove contaminants, primarily water. It was finally outgassed overnight at this temperature prior to dosing into the sample.
Theoretical methods
Density functional theory (DFT) calculations were performed using the projector augmented wave (PAW) method 45, 46 using the Vienna ab initio simulation package, VASP. [47] [48] [49] The exchange-correlation potential was described using the generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof. 50 A cutoff of 400 eV was used for the planewave basis set, and the wavefunctions and electron density were converged to within 1 Â 10 À5 eV. The first Brillouin zone was sampled with a 4 Â 4 Â 1 G-centered k-point mesh. Hydrogen bonding interactions are reasonably well reproduced (within B4 kJ mol À1 ) using this functional, although the accuracy deteriorates as the hydrogen bonds deviate from linearity. 51 Fig. 1 TPD profiles collected following the adsorption of (S,S)-tartaric acid and a monolayer of R-or S-propylene oxide on Pd(111), as a function of (S,S)-tartaric acid exposure in seconds. The spectra which correspond to R-or S-propylene oxide are color coded by black and red respectively. The results were collected by using a heating rate of B3 K s À1 and by monitoring at (A) 44 amu and (B) 58 amu.
Geometric relaxations were considered to be converged when the force was less than 0.02 eV Å À1 on all unrestricted atoms.
Results
TPD experiments are performed to measure the enantioselectivity of tartaric acid modified-Pd(111) by using PO as a chiral probe. The Pd(111) surface is dosed with a certain coverage of (S,S)-tartaric acid at B300 K, following which the sample is cooled to B150 K to dose a monolayer of one enantiomer of PO.
TPD experiments are performed afterwards by monitoring 44 (tartaric acid) and 58 (PO) amu. The surface is then cleaned and the same experiment repeated for the same coverage of tartaric acid, but using the opposite enantiomer of PO. Similar experiments are carried out for various doses of tartaric acid. For the same coverage of the modifier (in this case, (S,S)-tartaric acid) the ratio between the coverage of the two enantiomers of the probe (in this case PO) is denoted the enantioselectivity ratio, R e . Fig. 1A shows the TPD results plotted as a function of tartaric acid dosing time in seconds, where the black and red curves correspond to experiments with R-and S-PO, respectively. The curves of tartaric acid are essentially identical indicating that the modifier coverages during the enantioselectivity measurements were identical. Fig. 1B plots the corresponding desorption profiles of PO (58 amu) . The bottom profile in Fig. 1B is for the two enantiomers of PO adsorbed on clean Pd(111) and are identical, confirming the reproducibility of the experiment. However, as the tartaric acid coverage increases, while there is a decrease in the PO coverage due to site blocking, again the desorption profiles of R-and S-PO are identical; no enantioselectivity was observed when using PO as a chiral probe. Similar experiments are carried out when using glycidol as a chiral probe. The surface chemistry of glycidol on Pd(111) indicates that glycidol desorbs molecularly at B200 K and undergoes some decomposition reaction at higher temperature. However, only a maximum of B8% of glycidol decomposes during the desorption sweep on Pd(111). 40 While the extent of S-glycidol decomposition is higher than for PO, it is sufficiently low to enable TPD experiments to be used to measure its coverage on chirally modified surfaces. Fig. 2 shows the enantioselective chemisorption of glycidol on (S,S)-tartaric-acid modified Pd(111). For these experiments, glycidol is dosed at B200 K to avoid populating the multilayer. Fig. 2A shows the desorption profiles of both enantiomers of glycidol (at 29 amu) on clean Pd(111), which are identical, again demonstrating the reproducibility of the experiment. Fig. 2B to H compare the desorption profiles of both glycidol enantiomers from tartaric-acid-modified Pd(111). The bottom spectra, color coded in black and red, are the desorption profiles of R-and S-glycidol, respectively, while the top two spectra are due to tartaric acid. This indicates that identical coverages of tartaric acid were used for each experiment and the feature increases with tartaric acid dose. For tartaric acid doses between 35 and 45 s ( Fig. 2D to F) , there is clearly a discernible preferential adsorption of R-glycidol on (S,S)-tartaric-acid modified surfaces. For higher doses ( Fig. 2G and H) , the spectra of the two enantiomers of glycidol overlap, indicating no enantioselectivity.
The resulting value of the enantioselective ratio (R e , defined
where Y is the probe molecule saturation coverage, the superscripts (S or R) are the chiralities of the probe and the subscripts ((S,S) or (R,R)) are those of the modifier of glycidol on tartaric acid-modified Pd(111) surfaces, is shown in Fig. 3 , showing a maximum value of B1.3 for a (S,S)-tartaric acid dose of B40 s. STM images were collected for tartaric acid on Pd(111) in order to explore the distribution on the surface. An image of a relatively low coverage of tartaric acid dosed at B300 K and then cooled to B120 K, at which temperature the image was collected, is shown in Fig. 4 . This mimics the conditions under which enantioselectivity was measured with glycidol as a chiral probe molecule (Fig. 2) . This shows elliptical structures assigned to the presence of bitartrate species on the surface. There is no evidence for the formation of ordered surface structures on Pd(111) suggesting that they do not form templating structures. Line profiles of the elliptical structures suggest that they are B3 Å across and B6 Å long.
Discussion
Propylene oxide adsorbs and desorbs from the surface without any decomposition, thereby providing an ideal chiral probe on Pd(111). 39 Glycidol desorbs mostly molecularly from Pd(111) with a minor extent of decomposition 40 and has been used to explore chiral recognition in the gas phase. 52, 53 The thermal stability and decomposition pathways of tartaric acid on Pd(111) has also been explored. 28 It has been found that it adsorbs as STM images of (S,S)-tartaric acid dosed onto a Pd(111) surface at B300 K and then imaged at 120 K to mimic the conditions under which the enantioselectivity measurements were made (see Fig. 1 and 2) . V b = 0.9 V, I t = 380 pA. No enantioselectivity was observed for PO on tartaric-acid modified surfaces, whereas glycidol shows modest enantioselectivity over a narrow range of the tartaric acid coverages (Fig. 3) . Based on previous studies, the surface contains predominantly bitartrate species in the coverage range over which enantioselectivity is detected. The observation that PO does not adsorb enantioselectively, while glycidol does, indicates that hydrogen-bonding interaction occur between the OH groups of glycidol and bitartrate species. The STM image shows that tartaric acid does not form ordered structures, implying that there is a one to one interaction between the modifier and the probe molecule.
First-principles DFT calculations were carried out to explore possible enantioselective interactions between R-glycidol and (S,S)-bitartrate species. The most stable calculated structure of bitartrate species on Pd(111) is depicted in Fig. 5 , showing atop adsorption of the carboxylate oxygen atoms with the hydroxyl groups oriented along the long axis of the bitartrate species in accord with previous studies on other surfaces. [54] [55] [56] [57] The size of the bitartrate species is in accord with the size of the image seen by STM (Fig. 4) . The molecule is somewhat strained to accommodate the hexagonal (111) substrate, and the adsorption energy, calculated from the difference between the energies of the structure shown in Fig. 5 and the sum of the energies of clean Pd(111) and an isolated bitartrate molecule, is B43 kJ mol À1 .
Similar calculations were carried out for glycidol on Pd(111), where the resulting most stable structure is shown in Fig. 6 . The epoxide oxygen adsorbs on a palladium atop site, as found for PO. 58 However, in contrast to PO, the CH 2 -OH group has an additional agostic interaction with the surface resulting in an overall binding energy of B22 kJ mol À1 .
In order to explore the interactions between R-glycidol and (S,S)-bitartrate species on Pd(111), a glycidol molecule was 
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Phys. Chem. Chem. Phys., 2015, 17, 5450--5458 | 5455 placed at various locations around the bitartrate species and the geometry was allowed to relax. The most stable structure comprising (S,S)-bitartrate species interacting with R-glycidol is depicted in Fig. 7 . Here the epoxide oxygen is located at the most stable atop site, which dictates the stereochemistry of the interactions between the CH 2 -OH group and the bitartrate. This comprises a simultaneous hydrogen-bonding donor interaction between the CH 2 -OH group and an oxygen atom of the carboxylate, and a hydrogen-bonding acceptor interaction between the hydroxyl group of the bitartrate and the oxygen of the CH 2 -OH group. This involves a tilt of the R-glycidol molecule away from the surface to allow the hydroxyl group to interact with the carboxylate oxygen of the (S,S)-bitartrate species. This geometry is in accord with the three-point bonding rule 41, 42 where the bonds are indicated by dotted lines in Fig. 7 . The distances between the hydrogens and oxygens are relatively close (B2 Å), thereby facilitating such interactions. The energy gain due to this interaction, calculated from the difference in energy of the (S,S)-bitartrate and R-glycidol structures ( Fig. 7 ) and the sum of the energies of isolated (S,S)-bitartrate species (Fig. 5 ) and R-glycidol ( Fig. 6 ), is BÀ19 kJ mol À1 .
The corresponding structure obtained from interactions between (S,S)-bitartrate and S-glycidol is shown in Fig. 8 . Glycidol still adsorbs on the atop palladium site, which then controls the stereochemistry of the subsequent intermolecular hydrogen-bonding interactions since the glycidol binding energy of B22 kJ mol À1 is larger than the energies of typical hydrogen-bonding interactions. 59 S-glycidol still has a hydrogenbonding donor interaction between the CH 2 -OH group and the (S,S)-bitartrate carboxylate oxygen. However, the structural constraints now imposed by the S-enantiomer of the bitartrate mean that the distance between its hydrogen and the CH 2 -OH oxygen is 2.93 Å which is much larger than in the most stable structure (Fig. 7) where the corresponding distance is 1.87 Å, thereby reducing the interaction energy to B13 kJ mol À1 . Interestingly, the stabilization of R-glycidol by interaction with the (S,S)bitartrate species is not reflected in the desorption temperature of glycidol from the surface (Fig. 2) ; the glycidol desorption temperature over the bitartrate coverage range where enantioselectivity is measured (in Fig. 2D to F) is identical to that on the clean surface ( Fig. 2A ). This suggests that the relatively weak bonding in the glycidol-bitartrate complexes allows it to dissociate below the desorption temperature during heating. From the above discussion, it is clear that the enantioselective chemisorption of glycidol on the tartaric acid-modified Pd(111) surface arises due to H-bonding interaction between the modifier and the probe and those stereochemical interactions are dictated by the adsorption geometry of the probe molecule. The enantioselectivity measurement is highly dependent on tartaric acid coverage. Therefore it is possible that the nature of the surface and the reaction environment such as temperature and the nature of the solvent will have a strong influence on the surface structure not captured by experiments carried out in ultrahigh vacuum.
Conclusions
Glycidol adsorbs enantioselectively on tartaric-acid modified Pd(111) while PO does not. The tartaric acid coverage at which enantioselectivity is measured indicates that bitartrate species provides the chiral modifier, while other tartaric-acid derived structures are not enantioselective. Under the conditions where enantioselectivity is measured (dosing at B300 K and cooling to B120 K), isolated bitartrate species form on the surface and no ordered structures are found.
These results clearly indicate that the local interaction between the CH 2 -OH group in the heterochiral complex formed between R-glycidol and (S,S)-bitartrate is responsible for the enantioselectivity and is modeled using DFT calculations. In both glycidol enantiomers, the binding is dominated by the relatively strong adsorption of the epoxide oxygen onto the palladium atop site, and the structure is controlled by hydrogen-bond donation from the CH 2 -OH hydrogen in R-glycidol to an oxygen atom of the carboxylate group and by donation from the (S,S)-bitartrate hydroxyl to the oxygen of the CH 2 -OH group of R-glycidol. In the complex formed between R-glycidol and (S,S)-bitartrate, this structure stabilizes hydrogen bonding between a bitartrate -OH and the CH 2 -OH oxygen, which becomes disfavored in the complex between S-glycidol and (S,S)-bitartrate.
Thus, the three-point bonding is dominated by the strongest binding of the chiral probe (or, in the case of a reaction, the prochiral reactant) to the surface and the ability of a group (or groups) in the probe or reactant to be correctly positioned to simultaneously undergo two distinct bonding interactions with the chiral center. In the case of glycidol, these are hydrogenbonding interactions. These energies (of a few kJ mol À1 ) are sufficiently large to provide significant stabilization while not being so strong to inhibit catalytic reactions.
